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ABSTRACT
The control and detection of crystallographic chirality is an important and challenging scientific problem. Chirality has wide
ranging implications from medical physics to cosmology including an intimate but subtle connection in magnetic systems,
for example Mn1−xFexSi. X-ray diffraction techniques with resonant or polarized variations of the experimental setup are
currently utilized to characterize lattice chirality. We demonstrate using theoretical calculations the feasibility of indirect K -edge
bimagnon resonant inelastic X-ray scattering (RIXS) spectrum as a viable experimental technique to distinguish crystallographic
handedness. We apply spin wave theory to the recently discovered
√
5×√5 vacancy ordered chalcogenide Rb0.89Fe1.58Se2
for realistic X-ray experimental set up parameters (incoming energy, polarization, Bragg angle, and experimental resolution) to
show that the computed RIXS spectrum is sensitive to the underlying handedness (right or left) of the lattice. A Flack parameter
definition that incorporates the right- and left- chiral lattice RIXS response is introduced. It is shown that the RIXS response of
the multiband magnon system RbFeSe arises both from inter- and intra- band scattering processes. The extinction or survival
of these RIXS peaks are sensitive to the underlying chiral lattice orientation. This in turn allows for the identification of the two
chiral lattice orientations.
Introduction
Chirality (right- or left- handedness) can arise in molecules and crystal structures both naturally and through synthesis1.
Characterization and separation of enantiomorhpic (pair of chiral) crystals is a practical issue of utmost scientific importance.
Examples of recent scientific studies where chirality was a crucial conceptual ingredient include the synthesis of chiral
magnetic crystals Mn1−xFexSi relevant to the study of skyrmion (topological defects in spin texture) physics2, 3, nanotechnology
applications of virus capsids4, pharmacological action of synthetic drugs5, and astrobiology6. The effect of chirality is also the
root cause behind magneto-chiral dichroism7. Thus, an appropriate experimental technique to accurately determine the racemic
conglomerate (an equimolar mixture of chiral pairs) composition can have wide ranging scientifc impact.
Experimental techniques in chemistry have focused on asymmetric synthesis and its applications for both organic and
inorganic molecules1, 8, 9. Controlling growth processes to ensure the synthesis of crystallographically chiral inorganic molecules
can be difficult3, 10. To develop methods of chirality control one needs an accurate tool to detect chirality composition. Some of
the techniques to quantify racemic conglomerate composition or to determine the absolute structure include the chiroptical
method11, the Bijvoet method12, anisotropic tensor susceptibility approach of Dmitrienko13, 14, and resonant circularly-polarized
hard X-ray diffraction technique of Kousaka et. al.15, 16.
The intensities of the Bijvoet pairs arising from reflections of Friedel opposites at (h,k, l) and (h¯, k¯, l¯) are inequivalent in a
non-centrosymmetric chiral system. The current state-of-the-art equipment is capable of distinguishing intensity differences
from Friedel opposites15. In this context, it is customary to define a Flack parameter which assists with the crystal structure
analysis of a noncentrosymmetric crystal arrangement from its inverse when the dominant scattering is anomalous17. However,
crystal absorption effects typically limit the size of the sample that can be studied. A solution to this practical bottleneck
(proposed by Dmitrienko) utilizes the anisotropic tensor susceptibility response to Bragg reflection difference between right-
handed circularly polarized and left-handed circularly polarized X-ray beams13, 14. The experimental feasibility of this concept
has been demonstrated by Tanaka et. al.18. Improving on this Kousaka et. al. showed that crystallographic chirality of CsCuCl3
can be probed by resonant circularly polarized hard X-ray diffraction15.
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Figure 1. Chiral lattice structures of Rb0.89Fe1.58Se2 with the block antiferromagnetic spin ordering pattern. Exchange
interactions, Brillouin zone momentum ordering wave vector combinations, and magnon energy bands are shown. Filled circles
with solid dots represent up spins. Filled circles with crosses represent down spins. The shaded tilted squares are a guide to the
two chiral lattice orientation. The exchange parameters (in meV) chosen for our calculation are J1 =−30, J2 = 20, J′3 = 0 and
J
′
1 =−10, J
′
2 = 20, J3 = 9, with spin S= 1. (a) left chiral lattice. (b) right chiral lattice. (c) Bragg peak locations. The block
antiferromagnetic checkerboard structure gives rise to eight antiferromagnetic Bragg peaks. The left chiral wave vector
combinations are (Ho,Ko,Lo) = (0.2 + m,0.6 +n,Lo);(-0.2 + m,-0.6 +n,Lo);(0.6 + m,-0.2 +n,Lo);(-0.6 + m,0.2 +n,Lo). The right
chiral wave vector combinations are (Ho,Ko,Lo) = (0.6 + m,0.2 +n,Lo);(-0.6 + m,-0.2 +n,Lo);(0.2 + m,-0.6 +n,Lo);(-0.2 + m,0.6
+n,Lo); m,n= {±2,±4, . . .}. Lo is set equal to zero since we do not consider the three dimensional model. (d) Magnon
dispersion energy bands ω (meV). The bands are numbered one through four. The double wiggly lines represent a break in the
energy axis since the the highest band is far above the lowest lying three bands. All the bands participate in the RIXS scattering
process.
The study of skyrmion physics initiated the synthesis of chiral MnSi crystals. Surprisingly, synthesis of these crystals
displayed a total chiral symmetry breaking2. Cyrstals of only one type of handedness (left), having P213 symmetry, were
observed even when grown from different seeds. This finding was unexpected since the related magnetic system Fe1−xCoxSi
with Dzyaloshinskii-Moriya interaction is known to exist in both its left- and right- handed configurations. The relationship
between crystalline chirality and magnetic structure in Mn1−xFexSi is thus subtle. The correlation between crystalline chirality
and magnetic helicity is also different between the two compounds. In Fe1−xCoxSi a right-handed magnetic helix coexists with
a left-handed chiral lattice and vice versa. But, Grigoreiv et. al.3 has experimentally shown that in MnSi the left (right)-handed
lattice chirality exists with a left (right)-handed magnetic structure.
In the recently identified iron based superconductors chalcogenides form a category in which lattice chirality can be
shown to exist in a right- and a left- handed form. The iron based superconductors (FeSC) belong to various families, with
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a classification scheme that includes five different families, namely - the 1111 system (RFeAsO, R = Lanthanide), the 122
system (AFe2Se2, A = Ba, Sr, Ca, K), the 111 system (AFeAs, A = Li, Na), the 11 system (Fe1+yTe1−xSex), and the alkali iron
selenides (AxFe2−ySe2, A=K, Rb, Cs, Tl, ...). The last category includes the insulating vacancy ordered compound A2Fe4Se5
(245 class) which is of interest for our calculation purpose due to its crystallographic chiral nature19–24. The general consensus
is that magnetic order in most of the parent compounds of FeSC are described by a bad metal description along with some
variant (collinear, bicollinear-, block-, and block with
√
5×√5 vacancy) of antiferromagnetic (AFM) ordering25. It has been
experimentally validated that the chalcogenide Rb0.89Fe1.58Se2, hereafter referred to as RbFeSe, is a vacancy ordered insulator
in the undoped limt exhibiting a block-AFM structure with vacancy (BAFv), see Figure 126–29. A local moment description
of RbFeSe has provided a satisfactory understanding of its magnetic excitation and inelastic neutron scattering spectrum.
The neutron scattering studies have revealed a Fe4 block-AFM checkerboard (also known as a BAFv) structure. This block
checkerboard orders with a
√
5×√5 superlattice unit cell which can exist in either a left- or right- chiral orientation as shown
in Figs. 1(a) and 1(b)26.
Experimental30–37, theoretical38–46, and computational47–50 investigations have demonstrated that resonant inelastic x-ray
scattering (RIXS) spectroscopy can provide a rich source of physics information. Theoretical studies detailing the effects of
magnetic frustration51, triangular lattice geometry52, magnon-phonon coupling53, and multi-band excitation54 of the bimagnon
excitation at the K -edge indirect RIXS have been reported. Motivated by the conceptual underpinnings of the aforementioned
RIXS studies and the occurence of the chiral 245 class of chalcogenides we investigate the following question – “Can indirect K
-edge RIXS spectrosocpy assist with the detection of lattice chirality?” The scientific importance of a spectroscopic approach to
analyze lattice chirality has been highlighted earlier. Within the context of the present article a new chirality detection method
will benefit several scientific communities in physics including RIXS spectroscopy and highly frustrated quantum magnetism.
Using RbFeSe as a realistic model system, we conclude from our calculations that indirect K -edge RIXS for bimagnons is a
viable spectroscopic method to distinguish lattice chirality. Our theory considers realistic experimental conditions that include
the effect of incoming X-ray polarization and Bragg angle effects (see Fig. 3a and supplementary Fig. S1 available online) and
experimental resolution effects (see Fig. 4). We theoretically investigate various experimental set-ups to propose the optimal
scattering condition for RIXS intensity detection55.
The starting point of our theoretical analysis is a highly frustrated J1-J2-J3 quantum Heisenberg Hamiltonian. This magnetic
model provides a universal description of the local moment description of the 122 iron chalcogenides such as AyFe2−xSe2.
Energy comparison studies have revealed that the vacancy-ordered states are energetically favored for the reduction of magnetic
frustration. The BAFv phase can be modeled using six distinct interaction coefficients Ji j ∈ {J1,J′1,J2,J′2,J3,J′3}, see Fig. 1
caption for exchange parameter values56. The Hamiltonian is written as
H = J1 ∑
i,δ ,δ ′(>δ )
Si,δ ·Si,δ ′ + J′1 ∑
i,δ ,δ ′,γ
Si,δ ·Si+γ,δ ′ + J2 ∑
i,δ ,δ ′′(>δ )
Si,δ ·Si,δ ′′ + J′2 ∑
i,δ ,δ ′′,γ
Si,δ ·Si+γ,δ ′′
+ J3 ∑
i,δ ,δ ′′′,γ
Si,δ ·Si+γ,δ ′′′ + J′3 ∑
i,δ ,δ ′′′,γ ′
Si,δ ·Si+γ ′,δ ′′′ , (1)
where the index i ranges over all of the spin blocks in the system. The spin Si,δ is the δ -th spin in the i-th block. The lattice
coordination vector δ ′ ranges over the number of the spin sites that are in nearest-neighbor (NN) positions to the δ -th site,
δ ′′ ranges over the number of the spin sites that have next-nearest-neighbor (n-NN) interactions with δ -th spin site, and δ ′′′
ranges over the number of the spin sites that have next-next-nearest-neighbor (nn-NN) interactions, γ ranges over the number of
the block sites that have NN interactions to the i-th block, and γ ′ ranges over the number of block sites that have the n-NN
interaction to the i-th block. We will use this model to compute the indirect K -edge bimagnon RIXS spectrum to highlight the
effects of lattice chirality detection.
The scattering cross section between hard x-rays and matter can be increased by taking advantage of the resonance
absorption. In our calculation, we consider the Fe K -edge. To obtain sizable RIXS intensity, we need to tune the incident x-ray
energy to an absorption energy characteristic of the constituent elements. The x-ray absorption spectra (XAS) at the K-shell
resonance can be approximately calculated from the density of states (DOS) of the conduction p states ρ`(ε) (`= x,y,z) above
the Fermi level (EF )
IXAS(ei,ωi) =−2∑` |w`(ei)|2
∫ ∞
EF
dε
pi
ℑm
[
ρ`(ε)
γ(ωi;ε)
]
, (2)
where ρ`(ε) is the Fe-p` DOS, γ(ω;ε) = ω+ εK+ iΓK− ε with εK and ΓK being the energy and damping of the K shell level,
and w`(e) is the electric-dipole transition matrix for x-ray polarization e, given by
w`(e) =− em
√
2pi
ωi
e · 〈p`|p|1s〉 ∝ e · e`, (3)
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where the elementary charge e and the electron mass m are expressed in natural units (c= h¯= 1). To obtain the K -edge XAS
for RbFeSe, we calculate Fe-p DOS ρ`(ε) using the WIEN2k code57. In Fig. 2a, we present the calculated results of XAS for
several scattering geometries where we set εK =−7112 eV and ΓK = 1 eV in our numerical calculation. ΓK determines the life
time of the core hole created in the intermediate state of RIXS, h¯/ΓK ∼ femtoseconds.
The indirect bimagnon RIXS amplitude can be expressed by the product of the bimagnon-excitation part and a resonance
factor part within the lowest-order approximation in the coupling between the core-hole and magnons 40, 41, 58. The bimagnon-
excitation part is given by
O2(q) =∑
k
∑
i, j
(
Wi jb
†
ik+qb
†
j−k+W
∗
i jbik+qb j−k
)
, (4)
where q is the RIXS transfer momentum, the matrix elements Wi j are defined in equations (18) and (19), i, j = 1,2,3,4 are
band indices, b†ik(bik) represent creation (annihilation) operators for band index i and momentum vector k, respectively. Note,
within the UCL expansion scheme the final RIXS operator expression is similar to equation (4) which is essentially the Born
approximation result in the weak coupling limit41. The resonance factor contribution is given by
R(ei,eo;ωi;ω) = 2V ∑
`=x,y,z
w`(ei)w∗`(eo)
∫ ∞
EF
dε
ρ`(ε)
γ(ωi;ε)γ(ωo;ε)
, (5)
where the coefficient V denotes the local coupling between the core hole and a pair of magnons. ei [eo] and ωi [ωo = ωi−ω]
represent the polarization and energy of the incoming [outgoing] x-ray, respectively. When the incoming x-ray energy ωi is
tuned near the resonance absorption energy, then |γ(ωi;ε)| is small, and the resonance factor as well as XAS intensity becomes
significantly enhanced. The full RIXS intensity is expressed by the product of the resonance factor part and the bimagnon
correlation function
I(q,ω) = |R(ei,eo;ωi;ω)|2S(q,ω), (6)
where S(q,ω) is the bimagnon correlation function computed by means of the spin-wave theory as
S(q,ω) =− 1
pi
ℑm
[
∑
k
∑
i j
|Wi j|2 1ω−ωi,k+q−ω j−k+ i0+
]
. (7)
Here we should note that, in tetragonal cases as FeSC, the resonance factor as well as XAS does not depend on the in-plane
azimuthal angle and furthermore on chirality, since ρx(ε) = ρy(ε). In all our subsequent RIXS calculations we choose 7120 eV
(indicated by the arrow in Fig. 2a) as the incoming x-ray energy choice to maximize the RIXS intensity.
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Figure 2. X-ray absorption and multiband bimagnon RIXS spectrum. (a) Calculated x-ray absorption spectra (XAS) of
Rb0.89Fe1.58Se2 for various polarization and scattering geometries. pi [σ ] polarization means that both the polarization
directions of incoming and outgoing x-rays are parallel [perpendicular] to the scattering plane. (b) RIXS plot without the
resonance factor dependence and experimental resolution for the right chiral lattice with a {2,4} momentum combination.
Intra- and inter- band transitions give rise to multiple peaks.
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Results
In Fig. 2b we show the results of the bimagnon RIXS spectrum without the resonance factor and considering (for this discussion)
zero experimental resolution. In contrast to the analysis of a simple two dimensional square lattice with spin 1/2, which has a
single magnon band, for RbFeSe we need to consider all possible intraband and interband RIXS transitions. Figure 1d shows
all the four bands participating in the RIXS scattering process.
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Figure 3. 7120 eV Fe K -edge bimangon indirect RIXS response of the chiral right and left lattices of Rb0.89Fe1.58Se2. The
feasibility of utilizing bimagnon RIXS spectroscopy at the K -edge to distinguish and detect lattice chirality is explicitly
demonstrated. Dashed line represents 30 meV experimental resolution convoluted RIXS response. (a) Polarization (P) and
Bragg angle (θ) dependence of the RC ROWV response. (b) RC ROWV response with resonance factor contribution for Bragg
angle choice of zero and (pi,pi) polarization. (c) LC LOWV response. (d) LC ROWV response. RC (LC) stands for right (left)
chiral. ROWV (LOWV) stands for right (left) ordering wave vector. The Bragg peak momentum combination choice for all the
calculations was {2,4}.
This multiband structure causes the RIXS operator to assume a matrix form, see equation (19). Prior work by two of the
authors (T.D. and D.X.Y) has highlighted the intricacies of multiband RIXS scattering processes giving rise to multipeak
structures54. The response of the right chiral lattice with the ROWV can be separated into three energy ranges that lie between
40 - 135 meV, 160 - 235 meV, and 160 - 330 meV. In the absence of experimental resolution multiple intra- and inter-band
peaks are possible. Naturally, with the inclusion of experimental resolution most of these peaks are washed away. Please see
supplementary Fig. S2 and Fig. S3, both available online, for assistance with associating the RIXS peaks with the corresponding
band transition. All our calculations were performed for the (2,4) momentum combination, see Figure 1c.
The checkerboard lattice supports acoustic spin waves which arises from eight Bragg peaks. We have verified that
irrespective of the momentum combination choice, see Fig. 1c, the RIXS response is the same. We also infer from our
investigation that at any location along the Bragg peak locations formed by connecting the right-ordering-wave-vector (ROWV)
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points on the right chiral (RC) lattice the RIXS response is the same. We find from our calculations that when the lattice chirality
matches up with the probe ordering wave vector, for example right chiral with ROWV, there is a multi-peak contribution with
two major RIXS peaks and one minor one. One of these is centered on 90 meV. The other is at 190 meV. There is a high energy
sub-dominant intraband contribution above 300 meV arising from the 4-4 scattering channel. The peak at 190 meV slightly
dominates in intensity compared to the lower 90 meV peak. The former arises from scattering process between the fourth band
and the rest of the energy bands, i.e., 1-4, 4-1, 2-4, 4-2, 3-4, and 4-3. The remaining channels contribute to the 90 meV peak.
In order to make our results as quantitatively realistic as possible with experiments we take full account of the effects of the
resonance factor described earlier and a 30 meV experimental resolution. We incorporate the resonance enhancement arising
from XAS by tuning the incident x-ray energy around the maximum of XAS, i.e. around the main absorption energy 7120 eV.
The results are displayed in Figure 3a. In general the resonance factor in K-edge RIXS does not bring about any significant
momentum dependence into the total RIXS intensity. As a consequence momentum dependence of RIXS spectra is attributable
to that of the corresponding electron correlation function. It appears that for σ polarization the Bragg angle set up does not
have a significant effect, but the pi polarization is sensitive to the Bragg scattering angle. Henceforth, we use this polarization
and angle combination for our calculations. In Fig. 3b we display the results of the resonance factor, both with and without
experimental resolution. Comparing the spectrum with Fig. 2b we find that the effect of the resonance factor is to cause a
reduction in the intensity. The momentum dependence is unaffected, as expected. From an experimental perspective the (pi,pi)
beam polarization with a Bragg angle of zero maximizes the intensity. Inclusion of the experimental resolution removes the
sharp multiple peaks in favor of a two-peak enveloping spectrum. Our recommendation to the experimentalists is to use this set
up for an experimental verification of the proposed theory.
In Figs. 3c and 3d we display the RIXS response of an X-ray photon at the right- or left- ordering-wave-vector on a LC
lattice. The response of the left chiral lattice with the LOWV is similar in its energy range with the right chiral lattice with the
ROWV. However, these two spectra are not identical. In fact, for the left chiral lattice the 90 meV peak is more intense than the
190 meV location. When the lattice chirality is mismatched with the probe ordering wave vector, all the intra- and inter-band
transitions are substantially muted in intensity in comparison to the 1-1 transition. This is primarily an elastic peak contribution
which is absent when the chirality matches up with the ordering wave vector. The 1-1 channel is singular because of a vanishing
denominator of Π0i j(q, t;k,k
′) where ω = ω1,k+q = ω1−k = 0. These results hold considering realistic experimental resolution
into account.
The response of the LC lattice interacting with the right (left) -ordering-wave vector produces a strikingly different signal.
We notice that when the lattice chirality matches up with the incoming ordering wave vector chirality the system preserves
its multipeak structure. In this example, it could be the multiple sharp peaks (at zero resolution), or the two-peak structure
at finite experimental resolution. But, when it is mismatched a single dominant elastic peak arises. We should note that the
other channels of RIXS scattering are not entirely extinguished. This difference in the responses (including resolution or not)
allow us to conclude that the K -edge RIXS signal is sensitive to lattice chirality. Thus we have demonstrated the feasibility of
our claim that K -edge bimagnon RIXS signal can be used to differentiate and identify lattice chirality. A point of concern is
the presence of the strong elastic peak signal for wave vector lattice chirality mismatch where our predicted signal may be
hiding. However, note that after the background elastic peak subtraction we expect a negligible RIXS signal from the rest of
the intra- or interband scattering channels. Thus, our proposal to test lattice chirality will still hold. In fact, since substantial
difference between left and right chiral lattices appears already at the elastic intensity ω = 0, elastic scattering (RXES) could
also suffice to distinguish the chiral lattices. However, a knowledge of the inelastic part (ω > 0) can lend insight into the
potential multiband scattering processes.
Discussion
In this article we report our findings on the detection of lattice chirality using K -edge bimagnon indirect RIXS spectroscopy.
Radiation incident at right or left ordering wave vector leads to distinct RIXS signals. Based upon the type of the ordering wave
vector and the underlying lattice chirality the multipeak structures arising from intra- and inter- band transitions either survive
or are almost extinguished (on a scale relative to the dominant peak). The extinction or survival of these RIXS peaks allows
for the identification of the two chiral lattice orientations. To analyze experimental data that can include both types of chiral
lattices we introduce the chiral Flack parameter ρ as
I(q,ω) = (1−ρ) [I(q,ω)]rch+ρ[I(q,ω)]lch, (8)
where [I(q,ω)]rch (lch) stands for right (left) chiral lattice RIXS intensity contribution.
In Fig. 4 we track the evolution of the RIXS peaks of a chiral mixture of left- and right- lattices as the Flack parameter ρ is
varied. We find that our chirality detection proposal holds true irrespective of whether experimental resolution is included or
not. We have tested the validity of our proposal over additional resolution values (10 meV, 15 meV, 50 meV, and 70 meV), see
6/19
00.2
1
0.4
0.6
In
te
ns
ity
 (a
.u.
)
0.8
Right
1
2
x = 0.00
Left
 (meV)
3503002503 200150100500
(a) ρ = 0
0
0.2
1
0.4
0.6
In
te
ns
ity
 (a
.u.
)
0.8
Right
1
2
x = 0.50
Left
 (meV)
3503002503 200150100500
(b) ρ = 0.5
0
0.2
1
0.4
0.6
In
te
ns
ity
 (a
.u.
)
0.8
Right
1
2
x = 0.75
Left
 (meV)
3503002503 200150100500
(c) ρ = 0.75
0
0.2
1
0.4
0.6
In
te
ns
ity
 (a
.u.
)
0.8
Right
1
2
x = 1.00
Left
 (meV)
3503002503 200150100500
(d) ρ = 1
1/1
Figure 4. Chiral composition mixture response for Flack parameter ρ variation with 30 meV resolution. All responses are for
the right chiral ordering wave vector and includes the effects of the resonance factor. (a) ρ = 0.0 (pure right chiral), (b) ρ = 0.5
(racemic conglomerate), (c) ρ = 0.75, and (d) ρ = 1.0 (pure left chiral).
Supplementary Figs. S4 - S7. Based on our calculations we conclude that even beyond the 50 meV mark, detection of lattice
chirality is still feasible (within the context of RbFeSe). Additionally, it is possible that a quasi-elastic line can possibly hide
the magnetic excitation weight. We expect, in real experiments, appropriate subtraction of such a quasi-elastic line may be
necessary still in the current resolution limit of 30-50 meV. According to the calculated results, the tail of the quasi-elastic
line should be within less than 100meV, roughly speaking, which is about the excitation energy of the first main peak. On the
other hand, we believe that further advancements in experimental resolution coupled with instrumentation techniques which
can suppress the quasi-elastic tail will make the low-energy magnetic excitations observable. We also stress that although we
chose RbFeSe as one example among various chiral materials, our calculations are not restricted only to Fe compounds. Our
analysis approach can be generalized to other chiral transition-metal compounds. Furthermore, specific to the case of RbFeSe
RIXS at the K -edge, magnetic excitations can lie on top of dominant fluorescent peaks. But, these fluorescence peaks will shift
along the energy loss axis, depending on the incident x-ray energy, while the RIXS weight will maintain the same energy-loss
position due to its Raman-like character. Therefore, it is still possible to observe low-energy magnetic excitations even when
the fluorescence peaks vanish or survive.
To establish an experimental protocol we suggest the following steps. First, perform the RIXS experiment using either the
right- or left- chiral ordering wave vector. If the signal produces a single dominant peak then the lattice is of opposite chirality.
If a multipeak response survives then the chirality is the same as that of the ordering wave vector. The only caveat here is to
ensure that the data allow for each and every peak to be recorded up to its full intensity. Otherwise, there is a possiblity of
misidentifying low intensity responses as a multipeak response. Using the signal from the right- or left- ordering wave vector as
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a baseline and by comparing the appearance and disappearance of the RIXS peaks one can deduce the chiral Flack parameter
composition number ρ . For systems with more complicated unit cells multiple magnon bands are possible. While it maybe
difficult to pinpoint the exact channel contributions to the peaks since the number of bandsN causes the RIXS channels to
increase asN 2, the basic premise of the technique would still hold.
We have tested the validity of our prediction successfully for other commonly reported magnetic couplings relevant to the
RbFeSe J1-J2-J3 model26, 56. Additionally, the S= 1 spin value will have reduced quantum spin fluctuation effects compared to
S= 1/2 where higher order interaction corrections are required51. Thus, the overall qualitative shape of the predicted RIXS
spectrum will survive. The feasbility of the proposed approach is not restricted to collinear magnetic systems. In principle,
even for non-collinear magnets that can display lattice chirality and support stable bimagnon excitations it should be possible
to distinguish the chiral lattices using our approach. However, at present it is unclear what would be the consequences for a
material where both the lattice and the magnetic chiralities are strongly coupled. It is possible that neutron scattering could
offer an alternate way to detect lattice chirality, at least magnetic chirality, since the difference is evident in the one-magnon
dispersion level59. But, RIXS has a practical advantage due to its small sample size requirement compared to neutron scattering.
For example, it is difficult to grow samples of sizeable volume for the 1111 class of iron-pnictides.
Two-magnon RIXS is possible also at ligand K -edge in the soft x-ray regime. For copper oxides, two-magnon excitations
and their dispersion have been observed at the O K -edge35, 60, although the range of momentum transfer is somewhat restricted.
Within the theoretical framework of this article, the two-magnon RIXS at ligand K -edges can be treated in a similar way
as in the cases of transition-metal K -edges. We expect the only difference to be in the microscopic process to derive the
magnon-core-hole coupling. The typical beamline resolutions are currently 30 meV for both K- and L -edges. For the Cu -K
edge 25 meV has been achieved at DESY61, but, for other transition-metal K -edges, there are no beamlines higher than 100
meV, to our full knowledge. Generally, intensity of K -edge spectra becomes too weak as the resolution is increased. While
resolution issues still plague the K -edge (compared to the L -edge), the potential to utilize a multimagnon excitation to unravel
lattice chirality effect offers an exciting future for RIXS spectroscopy in general. Finally, we hope our results will provide
X-ray beamline scientists and experimentalists, engaged in RIXS research, with an impetus to further the limits of K -edge
bimagnon detection and its potential lattice chirality application.
Methods
Spin wave Hamiltonian
The Hamiltonian, equation (1), was treated using the linear spin wave theory (LSWT) approach. Using the standard Holstein–
Primakoff transformation each spin operator Si was transformed as S+i =
√
2Sai, S−i =
√
2Sa†i , and S
z
i = S−a†i ai, where ai
(a†i ) represents the bosonic annhilation (creation) operators at site i, respectively. The bosonic basis was Fourier transformed
to ai = 1√N ∑k e
ik·Riak and a†i =
1√
N ∑k e
−ik·Ria†k, where Ri is the position of site i, N is the number of magnetic unit cells,
and ak and a
†
k are the momentum dependent bosonic operators. After performing the LSWT transformation the Hamiltonian
can then be written as H = E0 +∑kψ
†
kHkψk +O(1/S), where E0 is the classical ground state energy of the system, ψ
†
k =
[a†k1 a
†
k2 a
†
k3 a
†
k4 a−k1 a−k2 a−k3 a−k4] is the basis set,Hk is Hamiltonian matrix, and O(1/S) represents the non-linear spin
wave theory terms. A paraunitary diagonalization was performed to calculate the energy modes of the bosonic excitations, see
Figure 1d. At a given momentum k the energies of the bosonic modes are given by the eigenvalues to the expression IpHk
where
Ip =
[
I 0
0 −I
]
(9)
is the paraunitary matrix and I and 0 are the identity and null matrices of dimension 4× 4, respectively. The eigenvector
solutions Xkn to
IpHkXkn = λknXkn (10)
are the Bogoliubov transformation coefficients for the n–th energy eigenmode λkn. The Bogoliubov transformed basis is given
by ψ ′k =X
−1
k ψk, where Xk = [Xk1 Xk2 Xk3Xk4 (IiXk1)
T (IiXk2)T (IiXk3)T (IiXk4)T ] is the Bogoliubov transformation matrix,
the transposed eigenket ψ ′ = [b1k b2k b3k b4k b†1−k b
†
2−k b
†
3−k b
†
4−k], and [Ii]8×8 is the exchange (reverse identity) matrix.
Multiband indirect K–edge RIXS
We employ a perturbation expansion in the core hole potential to define the RIXS operator as40, 41.
O(q) =∑
i, j
Ji jeiq·RiSi ·S j, (11)
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where q is the X-ray transfer momentum. The RIXS operator O(q) = ∑kψ
†
k+qOkψk after the spin wave theory transformation
becomes
Ok(q) =
[
MA MB
MB MA
]
, (12)
with
MA =

A1(q) Fk+Fk+q Gk+Gk+q Sk+Sk+q
F∗k +F
∗
k+q A2(q) Sk+Sk+q Tk+Tk+q
G∗k+G
∗
k+q S
∗
k+S
∗
k+q A
∗
1(q) F
∗
k +F
∗
k+q
S∗k+S
∗
k+q T
∗
k +T
∗
k+q Fk+Fk+q A
∗
2(q)
 (13)
and
MB =

0 B∗k+B
∗
k+q C
∗
k +C
∗
k+q L
∗
k+L
∗
k+q
Bk+Bk+q 0 L∗k+L
∗
k+q D
∗
k+D
∗
k+q
Ck+Ck+q Lk+Lk+q 0 Bk+Bk+q
Lk+Lk+q Dk+Dk+q B∗k+B
∗
k+q 0
 . (14)
The off diagonal matrix entries are given by E1 = S(−2J1− J2 + J′1 +2J′2 +2J3− J′3), Fk = J1Sei(k·~∆1,2), Gk = J2Sei(k·~∆1,3)+
J′3Se
i(k·~∆′′1,3), Sk = J1Sei(k·
~∆1,4), Bk = J′2Se
i(k·~∆′2,1)+J3Sei(k·
~∆′′2,1),Ck = J′1Se
i(k·~∆′3,1), Dk = J′1Se
i(k·~∆′4,2), Tk = J2Sei(k·
~∆′2,4)+J′3Se
i(k·~∆′′2,4),
and Lk = J′2Se
i(k·~∆′2,3)+ J3Sei(k·
~∆′′2,3) where~∆ denotes the intrablock separation,~∆′ the NN interblock separation, and~∆′′ denotes
the n–NN interblock separation. The separation vectors between the spin sites are scaled by the lattice constant. The diagonal
coefficients are defined as
A1(q) = E1+S[J3(ei2qy + e−i2qx)− J′3ei2qx + J′2(ei(qx−qy)+ ei(qx+qy))
−J2e−i(qx+qy)+ J′1eiqy − J1(e−iqx + e−iqy)], (15)
A2(q) = E1+S[J3(e−i2qy + e−i2qx)− J′3ei2qy + J′2(ei(qx+qy)+ ei(−qx+qy))
−J2ei(qx−qy)+ J′1e−iqx − J1(eiqx + e−iqy)]. (16)
To obtain the RIXS intensity we utilize the Bogoliubov transformed RIXS operator which is given by
O ′(q)k = X−1k OkXk, (17)
where the above operator can be recast in terms of four matrices as
O ′(q)k =
[
O11 O12
O21 O22.
]
(18)
The off diagonal matrices of O12 and O21 have entries given by
O12 =O21 =

W11 W12 W13 W14
W21 W22 W23 W24
W31 W32 W33 W34
W41 W42 W43 W44
 . (19)
The individual entries are termed the intra- or inter- band single channels (see Supplementary Fig. S2 and Fig. S3). The
multiband indirect K -edge bimagnon RIXS operator constructed from these entries is expressed as
O2(q) =∑
k
(
∑
i, j
Wi jb
†
ik+qb
†
j−k+∑
i, j
W ∗i jbik+qb j−k
)
, (20)
where the sublattice indices span over i, j = 1, ...,4. We introduce the time-ordered correlation function
G(q,ω) =−i
∫ ∞
0
dteiωt〈i|T O†2 (q, t)O2(q,0)|i〉, (21)
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to compute the frequency and momentum dependent RIXS intensity, see equation (7). The matrix elements of the RIXS
operators are taken between |i〉 and | f 〉 which represent the initial and final states with transfer energy ω f i. The noninteracting
LSWT bimagnon propagator is defined as
Π0i j(q, t;k,k
′) =−i〈0|T bi,k+q(t)b j,−k(t)b†i,k′+q(0)b
†
j,−k′ (0)|0〉. (22)
We can expand the above bimagnon propagator in terms of the one magnon propagators. Since there are four band indices we
have four possible combinations given by
Gbi,b j(k, t) =−i〈0|T bi,k(t)b†j,k(0)|0〉, (23)
where i, j = 1,2,3, and 4 for the b1, b2, b3, and b4 magnons, T is the time ordering operator, and |0〉 is the ground state.
Combining equations (20), (22), and (23) we obtain
S(q,ω) ∝ − 1
pi
ℑm
∑
k,k′
∑
i j
|Wi j|2Π0i j(q,ω;k,k′)
=− 1
pi
ℑm
[
∑
k
∑
i j
|Wi j|2 1ω−ωi,k+q−ω j−k+ i0+
]
, (24)
which is same as equation (7).
Data Availability
All data generated or analysed during this study are included in this published article (and its Supplementary Information files).
References
1. Barron, L. D. Chirality and life. Space Sci. Rev. 135, 187–201 (2008).
2. Nakajima, T. et al. Skyrmion lattice structural transition in mnsi. Sci. Adv. 3 (2017).
3. Grigoriev, S. V. et al. Interplay between crystalline chirality and magnetic structure in mn1−xfexSi. Phys. Rev. B 81,
012408 (2010).
4. Zeng, C., Rodriguez La´zaro, G., Tsvetkova, I. B., Hagan, M. F. & Dragnea, B. Defects and chirality in the nanoparticle-
directed assembly of spherocylindrical shells of virus coat proteins. ACS Nano 12, 5323–5332 (2018).
5. Zhao, Y. et al. Chirality detection of enantiomers using twisted optical metamaterials. Nat. Commun. 8, 14180 EP – (2017).
Article.
6. Feringa, B. L. & van Delden, R. A. Absolute asymmetric synthesis: The origin, control, and amplification of chirality.
Angewandte Chemie Int. Ed. 38, 3418–3438 (1999).
7. Rikken, G. L. J. A. & Raupach, E. Observation of magneto-chiral dichroism. Nat. 390, 493 (1997).
8. Ben-Moshe, A. et al. Enantioselective control of lattice and shape chirality in inorganic nanostructures using chiral
biomolecules. Nat. Commun. 5, 4302 (2014).
9. Nandi, N. Chiral discrimination in the confined environment of biological nanospace: reactions and interactions involving
amino acids and peptides. Int. Rev. Phys. Chem. 28, 111–167 (2009).
10. Haze, M., Yoshida, Y. & Hasegawa, Y. Role of the substrate in the formation of chiral magnetic structures driven by the
interfacial dzyaloshinskii-moriya interaction. Phys. Rev. B 95, 060415 (2017).
11. MacDermott, A. J. The origin of biomolecular chirality. In W.J.Lough & I.W.Wainer (eds.) Chirality in Natural and
Applied Science, 23 (Blackwell, Oxford, 2002).
12. Flack, H. D. On enantiomorph-polarity estimation. Acta Crystallogr. Sect. A 39, 876–881 (1983).
13. Dmitrienko, V. E. Forbidden reflections due to anisotropic X-ray susceptibility of crystals. Acta Crystallogr. Sect. A 39,
29–35 (1983).
14. Dmitrienko, V. E. Anisotropy of X-ray susceptibility and Bragg reflections in cubic crystals. Acta Crystallogr. Sect. A 40,
89–95 (1984).
15. Kousaka, Y. et al. Crystallographic chirality of cscucl3 probed by resonant circularly-polarized hard x-ray diffraction. J.
Phys. Soc. Jpn. 78, 123601 (2009).
16. Kousaka, Y. et al. Crystal growth of chiral magnetic material in cscucl3. J. Physics: Conf. Ser. 502, 012019 (2014).
10/19
17. Flack, H. D. & Bernardinelli, G. Absolute structure and absolute configuration. Acta Crystallogr. Sect. A 55, 908–915
(1999).
18. Tanaka, Y. et al. Right handed or left handed? forbidden x-ray diffraction reveals chirality. Phys. Rev. Lett. 100, 145502
(2008).
19. Dai, P. Antiferromagnetic order and spin dynamics in iron-based superconductors. Rev. Mod. Phys. 87, 855–896 (2015).
20. Dagotto, E. Colloquium: The unexpected properties of alkali metal iron selenide superconductors. Rev. Mod. Phys. 85,
849–867 (2013).
21. Zhao, J. et al. Spin waves and magnetic exchange interactions in cafe2as2. Nat. Phys. 5, 555 (2009).
22. Goswami, P., Yu, R., Si, Q. & Abrahams, E. Spin dynamics of a j1−j2 antiferromagnet and its implications for iron
pnictides. Phys. Rev. B 84, 155108 (2011).
23. Yang, J. et al. Strong correlations between vacancy and magnetic ordering in superconducting k0.8fe2−yse2. Phys. Rev. B
94, 024503 (2016).
24. Zavalij, P. et al. Structure of vacancy-ordered single-crystalline superconducting potassium iron selenide. Phys. Rev. B 83,
132509 (2011).
25. Hu, J., Xu, B., Liu, W., Hao, N.-N. & Wang, Y. Unified minimum effective model of magnetic properties of iron-based
superconductors. Phys. Rev. B 85, 144403 (2012).
26. Wang, M. et al. Spin waves and magnetic exchange interactions in insulating rb0.89fe1.58se2. Nat. Commun. 2, 580
(2011). Article.
27. Wang, M. et al. Antiferromagnetic order and superlattice structure in nonsuperconducting and superconducting rbyfe1.6+xse2.
Phys. Rev. B 84, 094504 (2011).
28. Ye, F. et al. Common crystalline and magnetic structure of superconducting A2fe4se5 (a= K,Rb,Cs,Tl) single crystals
measured using neutron diffraction. Phys. Rev. Lett. 107, 137003 (2011).
29. Chen, F. et al. Electronic identification of the parental phases and mesoscopic phase separation of kxfe2−yse2 superconduc-
tors. Phys. Rev. X 1, 021020 (2011).
30. Hill, J. P. et al. Observation of a 500 mev collective mode in la2−xsrxcuo4 and nd2cuo4 using resonant inelastic x-ray
scattering. Phys. Rev. Lett. 100, 097001 (2008).
31. Braicovich, L. et al. Dispersion of magnetic excitations in the cuprate la2cuo4 and cacuo2 compounds measured using
resonant x-ray scattering. Phys. Rev. Lett. 102, 167401 (2009).
32. Schlappa, J. et al. Spin-orbital separation in the quasi-one-dimensional mott insulator sr2cuo3. Nat. (London) 485, 82
(2012).
33. Guarise, M. et al. Measurement of magnetic excitations in the two-dimensional antiferromagnetic sr2cu2o2cl2 insulator
using resonant x-ray scattering: Evidence for extended interactions. Phys. Rev. Lett. 105, 157006 (2010).
34. Kim, J. et al. Magnetic excitation spectra of sr2iro4 probed by resonant inelastic x-ray scattering: Establishing links to
cuprate superconductors. Phys. Rev. Lett. 108, 177003 (2012).
35. Bisogni, V. et al. Bimagnon studies in cuprates with resonant inelastic x-ray scattering at the o k edge. i. assessment on
la2cuo4 and comparison with the excitation at cu L3 and cu k edges. Phys. Rev. B 85, 214527 (2012).
36. Dean, M. P. M. et al. Spin excitations in a single la2cuo4 layer. Nat. Mater. 11, 850 (2012).
37. Yuan, B. et al. Determination of hund’s coupling in 5d oxides using resonant inelastic x-ray scattering. Phys. Rev. B 95,
235114 (2017).
38. Ament, L. J. P., van Veenendaal, M., Devereaux, T. P., Hill, J. P. & van den Brink, J. Resonant inelastic x-ray scattering
studies of elementary excitations. Rev. Mod. Phys. 83, 705–767 (2011).
39. Kotani, A. & Shin, S. Resonant inelastic x-ray scattering spectra for electrons in solids. Rev. Mod. Phys. 73, 203–246
(2001).
40. Nagao, T. & Igarashi, J.-i. Two-magnon excitations in resonant inelastic x-ray scattering from quantum heisenberg
antiferromagnets. Phys. Rev. B 75, 214414 (2007).
41. van den Brink, J. The theory of indirect resonant inelastic x-ray scattering on magnons. Europhys. Lett. 80, 47003 (2007).
42. Forte, F., Ament, L. J. P. & van den Brink, J. Magnetic excitations in la2Cuo4 probed by indirect resonant inelastic x-ray
scattering. Phys. Rev. B 77, 134428 (2008).
11/19
43. Pakhira, N., Freericks, J. K. & Shvaika, A. M. Resonant inelastic x-ray scattering in a mott insulator. Phys. Rev. B 86,
125103 (2012).
44. Ament, L. J. P., Ghiringhelli, G., Sala, M. M., Braicovich, L. & van den Brink, J. Theoretical demonstration of how the
dispersion of magnetic excitations in cuprate compounds can be determined using resonant inelastic x-ray scattering. Phys.
Rev. Lett. 103, 117003 (2009).
45. Marra, P., van den Brink, J. & Sykora, S. Theoretical approach to resonant inelastic x-ray scattering in iron-based
superconductors at the energy scale of the superconducting gap. Sci. Reports 6, 25386 (2016).
46. Hala´sz, G. B., Perkins, N. B. & van den Brink, J. Resonant inelastic x-ray scattering response of the kitaev honeycomb
model. Phys. Rev. Lett. 117, 127203 (2016).
47. Jia, C., Wohlfeld, K., Wang, Y., Moritz, B. & Devereaux, T. P. Using rixs to uncover elementary charge and spin excitations.
Phys. Rev. X 6, 021020 (2016).
48. Vernay, F. et al. Cu k-edge resonant inelastic x-ray scattering in edge-sharing cuprates. Phys. Rev. B 77, 104519 (2008).
49. Kourtis, S., van den Brink, J. & Daghofer, M. Exact diagonalization results for resonant inelastic x-ray scattering spectra
of one-dimensional mott insulators. Phys. Rev. B 85, 064423 (2012).
50. Nocera, A. et al. Computing resonant inelastic x-ray scattering spectra using the density matrix renormalization group
method. Sci. Reports 8, 11080 (2018).
51. Luo, C., Datta, T. & Yao, D.-X. Spectrum splitting of bimagnon excitations in a spatially frustrated heisenberg antiferro-
magnet revealed by resonant inelastic x-ray scattering. Phys. Rev. B 89, 165103 (2014).
52. Luo, C., Datta, T., Huang, Z. & Yao, D.-X. Signatures of indirect k-edge resonant inelastic x-ray scattering on magnetic
excitations in a triangular-lattice antiferromagnet. Phys. Rev. B 92, 035109 (2015).
53. Xiong, Z., Datta, T., Stiwinter, K. & Yao, D.-X. Magnon-phonon coupling effects on the indirect k-edge resonant inelastic
x-ray scattering spectrum of a two-dimensional heisenberg antiferromagnet. Phys. Rev. B 96, 144436 (2017).
54. Huang, Z., Mongan, S., Datta, T. & Yao, D.-X. Indirect k-edge bimagnon resonant inelastic x-ray scattering spectrum of
α−fete. J. Physics: Condens. Matter 29, 505802 (2017).
55. Chabot-Couture, G. et al. Polarization dependence and symmetry analysis in indirect k-edge rixs. Phys. Rev. B 82, 035113
(2010).
56. Fang, C., Xu, B., Dai, P., Xiang, T. & Hu, J. Magnetic frustration and iron-vacancy ordering in iron chalcogenide. Phys.
Rev. B 85, 134406 (2012).
57. P. Blaha, K. Schwarz, G. Madsen, D. Kvasnicka, and J. Luitz, WIEN2k, An Augmented Plane Wave + Local Orbitals
Program for Calculating Crystal Properties (Karlheinz Schwarz, Techn. Universita¨t Wien, Austria), 2001. ISBN 3-9501031-
1-2, http://www.wien2k.at.
58. Nomura, T. Two-magnon excitations in resonant inelastic x-ray scattering studied within spin density wave formalism.
Phys. Rev. B 96, 165128 (2017).
59. Moon, R. M., Riste, T. & Koehler, W. C. Polarization analysis of thermal-neutron scattering. Phys. Rev. 181, 920–931
(1969).
60. Ishii, K. et al. Observation of momentum-dependent charge excitations in hole-doped cuprates using resonant inelastic
x-ray scattering at the oxygen k edge. Phys. Rev. B 96, 115148 (2017).
61. Ketenoglu, D. et al. Resonant inelastic X-ray scattering spectrometer with 25meV resolution at the Cu K-edge. J.
Synchrotron Radiat. 22, 961–967 (2015).
Acknowledgements (not compulsory)
S.M. and T.D. acknowledge Augusta University 2017 CURS Summer Scholars Program. T.D. acknowledges funding sup-
port from Sun Yat-Sen University Grant No. OEMT–2017–KF–06 and Augusta University Scholarly Activity Award. Z.
Y. H. and D.X.Y. are supported by NKRDPC-2017YFA0206203, NKRDPC-2018YFA0306001, NSFC-11574404, NSFG-
2015A030313176, National Supercomputer Center in Guangzhou, and Leading Talent Program of Guangdong Special Projects.
The authors thank Dr. Kenji Ishii for useful discussions on K and L -edge X-ray beamline resolution capabilities.
12/19
Author contributions statement
T.D. (in consultation with D. X. Y) conceived the idea for the project. S.M. and Z.H. performed the spin wave theory calculations.
S.M. calculated the RIXS spectra. T.D. and D.X.Y checked the calculations. T.N. calculated the XAS spectra and the resonance
factor contribution to the RIXS spectrum arising from the polarization and Bragg angle dependence. All authors contributed to
the analysis and interpretations of the results. All authors contributed to the writing of the manuscript.
Additional information
Competing financial interests The authors declare no competing interests.
Supplementary Figure 1
scattering plane
{ei, ωi, k}
θ θ'
φ=φ'
a
b
c
σ
π
{eo, ωo, k'}
Figure 5. Sketch of the scattering geometry displaying the definitions of incoming {ei,ωi,ki} and outgoing {eo,ωo,ko}
polarization, energy, and wave vector respectively. The scattering plane (yellow) shows the two possible directions of
polarization, in-plane polarization (pi) and the out-of-plane (σ ). The incoming (outgoing) Bragg angles are denoted by θ(θ ′).
The in-plane azimuthal angles are given by φ and φ ′.
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Supplementary Figure 2
With four participating bands there are sixteen channels. These channels are classified as m−n, where m,n= 1,2,3, and 4. For
example, 2−3 refers to a transition between band number 2 and band number 3.
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Figure 6. RIXS channel responses for the right chiral lattice with the right ordering wave vector. x− axis represents energy in
meV. y− axis is normalized intensity.
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Supplementary Figure 3
With four participating bands there are sixteen channels. These channels are classified as m−n, where m,n= 1,2,3, and 4. For
example, 2−3 refers to a transition between band number 2 and band number 3.
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Figure 7. RIXS channel responses for the left chiral lattice with the right ordering wave vector. x− axis represents energy in
meV. y− axis is normalized intensity. The i− j and j− i channel responses should be symmetric. However, in this case we note
a discrepancy which is potentially due to a computational issue, rather than breakdown of any fundamental physical process.
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Supplementary Figure 4
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1/1Figure 8. Chiral composition mixture response for Flack parameter ρ variation with 10 meV resolution. All responses are for
the right chiral ordering wave vector and includes the effects of the resonance factor. (a) ρ = 0.0 (pure right chiral), (b) ρ = 0.5
(racemic conglomerate), (c) ρ = 0.75, and (d) ρ = 1.0 (pure left chiral).
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Supplementary Figure 5
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1/1Figure 9. Chiral composition mixture response for Flack parameter ρ variation with 15 meV resolution. All responses are for
the right chiral ordering wave vector and includes the effects of the resonance factor. (a) ρ = 0.0 (pure right chiral), (b) ρ = 0.5
(racemic conglomerate), (c) ρ = 0.75, and (d) ρ = 1.0 (pure left chiral).
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Supplementary Figure 6
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1/1Figure 10. Chiral composition mixture response for Flack parameter ρ variation with 50 meV resolution. All responses are
for the right chiral ordering wave vector and includes the effects of the resonance factor. (a) ρ = 0.0 (pure right chiral), (b)
ρ = 0.5 (racemic conglomerate), (c) ρ = 0.75, and (d) ρ = 1.0 (pure left chiral).
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Supplementary Figure 7
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1/1Figure 11. Chiral composition mixture response for Flack parameter ρ variation with 70 meV resolution. All responses are
for the right chiral ordering wave vector and includes the effects of the resonance factor. (a) ρ = 0.0 (pure right chiral), (b)
ρ = 0.5 (racemic conglomerate), (c) ρ = 0.75, and (d) ρ = 1.0 (pure left chiral).
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